The joint is the weakest link in three-core medium-voltage power cable systems and the temperature is an essential indicator to its insulation condition. Therefore, a model to estimate the temperature inside the three-core cable joint was built based on support vector regression (SVR) with two fixed cable surface temperatures as inputs. The samples for model training were obtained from 3-D transient thermal analyses through finite element method (FEM) under different single-step currents. A temperature-rise test of 15 kV three-core cable joint was carried out and the estimated temperature based on SVR agrees well with the measured result with a maximum error of about 4 • C. Besides, the proposed model could accurately estimate the joint temperature even though the thermal conductivity of armor wrap used in thermal analysis for model training differs from its real value. The accuracies and calculation speed of the proposed model were compared with those of FEM, showing a better generality of our model. A temperature-rise test under unbalanced three-phase currents was performed and the temperature estimation errors are within 6 • C, indicating the applicability of the method. The effect of contact resistance was briefly discussed in the end. This approach helps improve cable operation and maintenance.
Introduction
A large number of three-core medium-voltage power cables are widely used in the urban distribution network. According to the fault statistics of power cables in Jiangxi Province, China [1] , the accidents of 10 kV cables accounted for nearly 96% of accidents among the medium and high voltage cables. Since most of 10 kV cables are three-core cables, the condition monitoring of three-core cables is considered essential to reduce failures. It is generally accepted that the joint is one of the weakest links of the power cable circuit [2] [3] [4] . Moreover, due to the thicker insulation layers and contact resistance, the cable joint usually represents the hot spot in the cable system [5, 6] . With the rapid growth in the demand for electric power in urban areas, the cable load currents will greatly increase, thus making the overheating in joints more serious. The overheating together with high electric field will more probably lead to a breakdown or even explosion of cable joints. Therefore, it is really of significant practical value to monitor the temperature in three-core cable joints.
The research on thermal performance of the three-core cable have received much attention for many years. The calculation method for the conductor temperature in three-core cable primarily includes the analytical method [7, 8] , FEM [9] [10] [11] and the artificial intelligence algorithm [12] .
But as for joints, although there has been much related research regarding single-core cable joints [3, [13] [14] [15] , little attention has been paid on the temperature monitoring in three-core cable joints.
The Structure
The structure of 15 kV three-core cable and joint is shown in Figure 1 . 
The Calculation Model
Since the cable joint structure of three-core cable is complex and not axisymmetric, a 3-D model must be employed to accurately calculate the temperature profile of three-core cable joint. The model, illustrated in Figure 2 , contains the joint and the surrounding cable long enough for longitudinal heat flow in the end to be zero. 
The Mesh Generation
Because the shape of three-core cable joint is extremely irregular, if one kind of meshing is adopted for all regions, the number of elements will be too large to be calculated. In order to reduce the elements, different kinds of meshing were used for different regions according to their shapes.
The cable has a quite good repeatability along its axial direction. Therefore, the crosssection of the cable body was firstly meshed with quadrilateral-shaped elements which were then swept along the axial direction to form the hexahedral elements for cable, as depicted in Figure 3a .
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The cable has a quite good repeatability along its axial direction. Therefore, the crosssection of the cable body was firstly meshed with quadrilateral-shaped elements which were then swept along the axial direction to form the hexahedral elements for cable, as depicted in Figure 3a . According to the axial symmetry of the joint, the 2-D axisymmetric section of joint in a phase was meshed with quadrilateral-shaped elements, and these 2-D elements were rotated about the axis to generate the 3-D hexahedral elements, as illustrated in Figure 3b .
After the mesh generation of cable and joint, the connection region between the cable and joint was meshed through sweeping 2-D elements from end of cable or joint, as shown in Figure 3c .
As for the armor wrap and inner air, the tetrahedral elements were created over the entire body through free meshing due to their irregular shape, as illustrated in Figure 3d .
Therefore, by employing the mesh sweeping and rotating technique, the number of nodes and elements is much smaller than ones meshed with the free mesher. In addition, the time to create these elements and for calculation is much smaller.
However, since the element shapes of the cable and joint are different, the elements of connection region differ from that of cable or joint. Hence, an approach to tie together two regions with dissimilar mesh patterns should be adopted.
One way to solve this problem is to generate constraint equations that connect the selected nodes of one region to the selected elements of the other region. As seen in Figure 4 , at the interface between the two regions, nodes should be selected from the more dense mesh region, A, while the elements should be selected from the less dense mesh region, B. The degrees of freedom in region A nodes are interpolated with the corresponding degrees of freedom of the nodes on the region B elements, using the shape functions of the region B elements. 
Loss Calculation
It is reasonable to neglect the losses in armor, dielectric and metallic screen, and only consider the conductor losses in a medium-voltage three-core cable. The conductor losses can be regarded as two parts, of which the one, G1, comes from the core cable and the other, G2, comes from the connector in the joint, as depicted in Figure 5 . The losses can be calculated as follows. According to the axial symmetry of the joint, the 2-D axisymmetric section of joint in a phase was meshed with quadrilateral-shaped elements, and these 2-D elements were rotated about the axis to generate the 3-D hexahedral elements, as illustrated in Figure 3b .
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where ρ is the electric resistivity of conductor; l 1 and l 2 are the length of conductor and connector, respectively; r and r 1 are the radius of conductor and connector, respectively; R is the equivalent resistance of the connector and its internal conductor, taken as 7.5 µΩ in this paper, which was measured through Micro-Ohm Meter after the compression of connectors was finished during the assembly of cable joint. 
where ρ is the electric resistivity of conductor; l1 and l2 are the length of conductor and connector, respectively; r and r1 are the radius of conductor and connector, respectively; R is the equivalent resistance of the connector and its internal conductor, taken as 7.5 μΩ in this paper, which was measured through Micro-Ohm Meter after the compression of connectors was finished during the assembly of cable joint. In this paper, the skineffect was not taken into consideration because the skineffect only increases the total losses to cause a linearly increasing temperature rise but does not change the temperature distribution. Thus, the skineffect can be simply regarded as an increase of current in a certain proportion at 0 Hz. Since the currents in simulation is over the range considered in practice, an increase of current in a certain proportion will have a minor effect on the temperature relationship between cable joint and cable surfaces. Thus, our model based on SVR remains almost unchanged and unaffected by the skineffect.
Boundary Condition Settings
Since the cable is long enough for longitudinal heat flux in the end to be zero, the truncation surfaces of two cables in both sides satisfy the boundary condition of the second kind, where the normal gradient of temperature is zero. When the temperature T is given on the surface S, the boundary condition reads
In the thermal analysis, the cable and joint are assumed to be surrounded by air. Thus, the surfaces of both cable and joint satisfy the boundary condition of the third kind. Let Taa, λ and h respectively be the ambient temperature, the thermal conductivity of surface and the heat transfer coefficient between surface and air. The boundary condition of the third kind takes the form
In the following simulations, the ambient temperature and heat transfer coefficient are all specified to 25 °C and 8 W/(m 2 ·°C), respectively.
The Steady-State Temperature Profile
The steady-state temperature distributions of three-core cable joint with the current of 500 A are illustrated in Figure 6 . It can be seen that cable surface is hotter than joint surface due to the thicker insulation and the hot spot is located in the connector inside the joint. In this paper, the skineffect was not taken into consideration because the skineffect only increases the total losses to cause a linearly increasing temperature rise but does not change the temperature distribution. Thus, the skineffect can be simply regarded as an increase of current in a certain proportion at 0 Hz. Since the currents in simulation is over the range considered in practice, an increase of current in a certain proportion will have a minor effect on the temperature relationship between cable joint and cable surfaces. Thus, our model based on SVR remains almost unchanged and unaffected by the skineffect.
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In the following simulations, the ambient temperature and heat transfer coefficient are all specified to 25 • C and 8 W/(m 2 · • C), respectively. The steady-state temperature distributions of three-core cable joint with the current of 500 A are illustrated in Figure 6 . It can be seen that cable surface is hotter than joint surface due to the thicker insulation and the hot spot is located in the connector inside the joint. 
The Transient Temperature Profile
The transient temperature rise under variable loading calculated through FEM are illustrated in Figure 7 , where spot1 and spot2 mean the surfaces of cable 0.25 m and 2.25 m away from the end of joint, respectively. From this figure, there is the same trend of temperature change inside the joint and on the cable surface under variable loading, which indicates their strong correlation. Therefore, the temperature inside the joint can be well estimated from the cable surface temperature in theory. 
Model Optimization for Temperature Estimation in Three-Core Cable Joint

Parameter Selection of SVR
The effectiveness of SVR depends upon the selection of kernel, the parameters of kernel, and soft margin parameter C. A common choice is a Gaussian kernel, which has a single parameter γ. The best combination of C and γ is often selected by a grid search with exponentially growing sequences of C and γ, for example, C ∊ {2 −5 , 2 −3 , …, 2 13 , 2 15 }; γ ∊ {2 −15 , 2 −13 , …, 2 1 , 2 3 }. Typically, each combination of parameter choices is checked using v-fold cross-validation, and the parameters with best crossvalidation accuracy are picked.
In this paper, the maximum and minimum of C in the search range were set to 2 9 and 2 13 , respectively; the maximum and minimum of γ in the search range are taken as 2 0 and 2 3 . The search step is assumed to be 2 0.1 for both C and γ, and the 3-fold crossvalidation is adopted.
Determination of Number and Location of the Measuring Spots in Cable Surface
For determination of the measuring spots in cable surface, three fixed points were selected for analysis. The distance of these points from end of the joint are 0.25 m, 0.75 m, and 2.25 m, as illustrated in Figure 8 , and the temperatures in the corresponding spots are named T1, T2, and T3, respectively. These temperatures are nearly an arithmetic progression to represent the surface temperature profile of three-core cable joint. 
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Parameter Selection of SVR
Determination of Number and Location of the Measuring Spots in Cable Surface
For determination of the measuring spots in cable surface, three fixed points were selected for analysis. The distance of these points from end of the joint are 0.25 m, 0.75 m, and 2.25 m, as illustrated in Figure 8 , and the temperatures in the corresponding spots are named T1, T2, and T3, respectively. These temperatures are nearly an arithmetic progression to represent the surface temperature profile of three-core cable joint. The current rating of the three-core cable joint analyzed in this paper is about 500 A. Considering a certain margin, the transient thermal analyses of cable joint were carried out under various constant currents ranging from 100 A to 600 A with the interval of 100 A. Each simulation lasted 20 h with the data sampling period of 20 min. The temperature T 0 inside the joint and cable surface temperatures were taken out as the output and inputs of training sample data, respectively. According to these data and parameter selection method described above, the temperature calculation model for three-core cable joint was established.
To verify the feasibility of the algorithm, a transient thermal analysis of three-core cable joint under variable current was performed and the cable surface temperatures obtained from this simulation were extracted as inputs of the proposed model. Compared with the cable joint temperatures simulated by FEM, the estimated temperature errors based on SVR with different measuring spots combination are shown in Table 1 . It can be seen that when only one cable surface temperature is employed to estimate the temperature of joint, the error is largest and increases with the increasing distance from the joint. In the case of two cable surface temperatures, the optimal location is that one spot is close to the joint and the other is far from the joint. Moreover, the estimated error from three measuring spots is quite similar to that from two spots. Thus, the two cable surface temperatures, T 1 and T 3 , were selected for temperature estimation in the following. 
Temperature-Rise Test of Three-Core Cable Joint
To validate the effectiveness of this model, the temperature-rise test for 15 kV three-core cable joint was carried out. The test platform is illustrated in Figure 9 and the total length of the cable circuit is over 20 m. Two measuring spots in the cable surface was fixed 0.25 m and 2.25 m distant away from the end of joint, respectively, according to previous analysis. The current rating of the three-core cable joint analyzed in this paper is about 500 A. Considering a certain margin, the transient thermal analyses of cable joint were carried out under various constant currents ranging from 100 A to 600 A with the interval of 100 A. Each simulation lasted 20 h with the data sampling period of 20 min. The temperature T0 inside the joint and cable surface temperatures were taken out as the output and inputs of training sample data, respectively. According to these data and parameter selection method described above, the temperature calculation model for threecore cable joint was established.
To verify the feasibility of the algorithm, a transient thermal analysis of three-core cable joint under variable current was performed and the cable surface temperatures obtained from this simulation were extracted as inputs of the proposed model. Compared with the cable joint temperatures simulated by FEM, the estimated temperature errors based on SVR with different measuring spots combination are shown in Table 1 . It can be seen that when only one cable surface temperature is employed to estimate the temperature of joint, the error is largest and increases with the increasing distance from the joint. In the case of two cable surface temperatures, the optimal location is that one spot is close to the joint and the other is far from the joint. Moreover, the estimated error from three measuring spots is quite similar to that from two spots. Thus, the two cable surface temperatures, T1 and T3, were selected for temperature estimation in the following. 
To validate the effectiveness of this model, the temperature-rise test for 15 kV three-core cable joint was carried out. The test platform is illustrated in Figure 9 and the total length of the cable circuit is over 20 m. Two measuring spots in the cable surface was fixed 0.25 m and 2.25 m distant away from the end of joint, respectively, according to previous analysis. Distribution three-core cable is often with armor made of steel. When AC current is applied to the cable, there is a magnetic field in its armor together with the steel loss. If the current is three-phase symmetric, magnetic field is small enough to ignore the loss while if the cable is fed with a single-phase current, magnetic flux is large, thus causing a significant loss in the armor. Hence, a three-phase current was applied to the cable circuit during the temperature-rise test. The three-phase inducing transformers, as shown in Figure 10 , were connected to the three-phase variable transformers to adjust the currents, which were measured through the metering class current transformers.
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Results and Discussions
Temperature Estimation of Three-Core Cable Joint Based on SVR
The measured temperatures, as well as currents and the estimated temperatures based on SVR with the cable surface temperatures in two fixed points as inputs, are illustrated in Figure 12 . Due to the different lengths of the connecting lines and different contact resistances of bolt joints, as seen in Figure 10 , the impedances of three loops are not the same. For this reason, although the voltages applied to these inducing transformers were three-phase symmetric, the induced currents were unbalanced, even with a maximum difference of almost 100 A. Even though three-phase currents injection resulted in 100 A difference, the single-phase current injection would cause a much larger loss in armor. This is because that the net current giving rise to steel loss is the same as the single-phase current which can reach 500 A, thus making the test totally different from the engineering practice. On the other hand, the power system allows unbalanced currents with maximum unbalanced degree of 25%, and 100 A current difference corresponds to about unbalanced degree of 20%. Therefore, the armor loss caused by unbalanced three-phase currents during our test is within the range of the loss in the actual power grid.
The measured temperature inside the cable joint is the average temperature of the three-phase conductors. During the test, the ambient temperature changed slowly between 19.4 • C and 27.8 • C.
It can be seen from the figure that the estimated temperature is in good agreement with the measured result with the maximum error of approximately 4 • C under the variable three-phase currents. In addition, the temperature errors increased with a sudden change of the current. This is because there is a time delay of the temperature change between the cable surface and the inside conductor. Nevertheless, the errors were within the acceptable range in engineering application. 
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The Effect of Thermal Conductivity in Armor Wrap on Temperature Estimation
The thermal parameters of cable and prefabricated rubber are stable and recommended by IEC standards [21] . However, the thermal conductivity λ a of armor wrap is usually uncertain because of its porous structure. Since the armor wrap is made from fiberglass, the thermal conductivity λ a of armor wrap was set to 0.04 W/(m·K), the same as that of fiberglass [22] , in this paper. However, the thermal conductivity λ a of armor wrap was assumed to be 0.14 W/(m·K) by Wang [6] . Thus, it is necessary to analyze the effect of thermal conductivity in armor wrap on temperature estimation.
For the first 8 h during the temperature-rise test, the three-phase current kept almost constant at 487.8 A, 431.5 A, and 455.3 A and the temperature inside the cable joint reached steady gradually. To determine the real value of thermal conductivity in the armor wrap is close to 0.04 W/(m·K) or 0.14 W/(m·K), a steady-state FEM thermal analysis of three-core cable joint with different thermal conductivity in armor wrap was conducted. The current and ambient temperature used for simulation were the same as the that of test temperatures.
The measured temperatures inside cable joint and the estimated results based on SVR are shown in Table 2 . It can be seen that the thermal conductivity λ a in armor wrap is much more close to 0.14 W/(m·K) than to 0.04 W/(m·K). However, the model of temperature estimation was established from the sample data of the thermal analysis where λ a = 0.04 W/(m·K). This results indicate that although the thermal conductivity of armor wrap used in thermal analysis for model training differs from its real value, the proposed model are still suitable for the temperature estimation inside cable joint, and this is quite useful in the engineering application. 
The Accuracies Comparison between the Proposed Method and Other Methods
According to the literature search mentioned above, there are totally three kinds of methods to calculate the temperature of three-core cable joint, including FEM, finite difference method [16, 17] and analytical method [5] . But the analytical method can only solve steady-state problem so that it is hard to realize temperature monitoring.
Finite different method is essentially a thermal network where thermal resistances and capacitances are analogous to their electrical namesakes. Determination of thermal resistances with irregular shapes is the key point. In literature [16, 17] , the irregular thermal resistances, as seen in Figure 13 , were calculated using the so-called "G-factors", which can be obtained by 2-D dimensional field plots in IEC 60287 [23] . 
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Since the thermal conductivity of armor wrap is sometimes uncertain, the following analyses were carried out in two cases. Firstly, suppose that the thermal conductivity λ a of armor wrap in thermal analysis was 0.14 W/(m·K). The temperature errors of the two methods are shown in Figure 16 . It can Assuming that the thermal conductivity in thermal analysis λa of armor wrap was 0.04 W/(m·K), the situation is totally different. As seen in Figure 17 , the temperature errors of FEM are over 12 °C, much larger than those of SVR. This demonstrates a better generality of the proposed method.
The Calculation Speed of the Proposed Method and FEM
The calculation speeds of SVM and FEM methods were tested on a high performance server. The processor of the server includes two Intel Xeon E5620@2.40 GHz CPUs with total 16 cores and the memory of RAM is 64 GB. The inputs of the proposed model are two surface temperatures and those of FEM are ambient temperature and load currents. The SVM model and FEM model were run in Matlab R2014a and Ansys 12.0, respectively. After training of SVM model and the mesh generation of 3-D FEM model were finished, the solving times with single-step inputs are shown in Table 3 . It can be seen that the proposed model is much quicker than the 3-D FEM model and can achieve realtime. Assuming that the thermal conductivity in thermal analysis λ a of armor wrap was 0.04 W/(m·K), the situation is totally different. As seen in Figure 17 , the temperature errors of FEM are over 12 • C, much larger than those of SVR. This demonstrates a better generality of the proposed method.
The calculation speeds of SVM and FEM methods were tested on a high performance server. The processor of the server includes two Intel Xeon E5620@2.40 GHz CPUs with total 16 cores and the memory of RAM is 64 GB. The inputs of the proposed model are two surface temperatures and those of FEM are ambient temperature and load currents. The SVM model and FEM model were run in Matlab R2014a and Ansys 12.0, respectively. After training of SVM model and the mesh generation of 3-D FEM model were finished, the solving times with single-step inputs are shown in Table 3 . It can be seen that the proposed model is much quicker than the 3-D FEM model and can achieve real-time. Assuming that the thermal conductivity in thermal analysis λa of armor wrap was 0.04 W/(m·K), the situation is totally different. As seen in Figure 17 , the temperature errors of FEM are over 12 °C, much larger than those of SVR. This demonstrates a better generality of the proposed method.
The calculation speeds of SVM and FEM methods were tested on a high performance server. The processor of the server includes two Intel Xeon E5620@2.40 GHz CPUs with total 16 cores and the memory of RAM is 64 GB. The inputs of the proposed model are two surface temperatures and those of FEM are ambient temperature and load currents. The SVM model and FEM model were run in Matlab R2014a and Ansys 12.0, respectively. After training of SVM model and the mesh generation of 3-D FEM model were finished, the solving times with single-step inputs are shown in Table 3 . It can be seen that the proposed model is much quicker than the 3-D FEM model and can achieve realtime. Here, some application problems associated with temperature monitoring are discussed. In practical engineering, it is necessary to monitor lots of different cable joints simultaneously. An effective approach for realizing the above function is to collect all the temperature and current information of different joints and then transfer it to the far-end server in real-time. That is to say, one server must calculate numerous temperatures of cable joints in various places. Using the proposed SVM model, the task of the program is to successively put the surface temperature data collected from different cable joints into the SVM model, and then the temperatures inside cable joints will be output soon.
However, the FEM model is totally different because the temperature distribution of cable joint at time t not only depends on the ambient temperature and currents at time t, but also relies on temperature information of cable joint at time t-∆t, where ∆t is the sampling time. Thus, every time the temperature of cable joint at time t is to be calculated, the solution file at time t-∆t should be open as the initial condition of this calculation. This process is called "restart" and the corresponding time T st is about 43 s. Moreover, running the FEM program consumes lots of memory and CPU resources, which limits the number of the running programs at the same time. Therefore, when lots of cable joints need monitoring, one FEM program must successively perform several thermal analyses of different cable joints during the sampling time. It means that during each sampling time, the database of a joint should be resumed to start calculation and then saved for another calculation in next sampling time. The time of "resume and save" T rs is nearly 20 s. So, the total time used for one cable joint using FEM T t ≈ 146 + 43 + 20 = 209 s.
Assume that one server can run three FEM programs at the same time and the sampling time ∆t is 20 min. According to the above analysis, the 3-D FEM model can only monitor temperatures of 15 different cable joints with uninterrupted calculation using one server while our model can handle about 40,000 cable joints in theory to cover a very large area.
Temperature Estimation of Cable Joint under Unbalanced Three-Phase Currents
The temperature estimation of three-core cable joint studied above was performed under balanced three-phase currents. Nevertheless, in practice, the three-phase currents are often unbalanced, and the three-phase conductor inside cable joint is not all the same. Hence, it is necessary to study the effect of unbalanced currents on the proposed model.
According to [24] , the unbalanced degree β of three-phase currents is defined as follows,
where I max and I min are the maximum and minimum of the three-phase currents, respectively. The unbalanced degree β should be no more than 25% in the distribution network.
To analyze the effects of unbalanced three-phase currents, another temperature-rise test of cable joint was carried out under unbalanced currents. The configuration of the test was the same as the previous one. The test lasted 48 h, and the ambient temperature remained nearly 25 • C. The currents were adjusted by changing the number of inducing transformers at each phase and are illustrated in Figure 18 . The maximum unbalanced degree β was approximately 55% to strictly test the performance of the algorithm. Since the inputs of the model are cable surface temperatures only, there is no way to distinguish the temperatures in different phase conductors. Therefore, the model output represents the mean temperature of the three-core cable joint, and if the temperature differences between different conductors are small, this assumption is reasonable. The measured temperatures inside three-phase cable joints and the estimated results are depicted in Figure 19 . From the Figure 19a , the estimated temperature based on SVR changes between the maximum and minimum temperatures of the threecore conductor nearly all the time. According to the Figure 19b , the maximum temperature errors of A-phase, B-phase, and C-phase are 6.00 °C, 5.03 °C, and 4.44 °C, respectively, which meets the requirement of engineering application. This results demonstrate that our proposed model still has a high precision even under very unbalanced three-phase currents.
The Effect of Contact Resistance in Connectors
As mentioned in the part of Introduction, it was believed in the past that cable joint was not the hot spot in cable system. As seen in the literatures [16, 17] , the temperature inside joints was calculated cooler than that of cable. The reason given by those papers was that the ferrule diameter was considerably larger than that of the conductor (27.2 mm compared with 19.1 mm) without consideration of contact resistance. But in fact, the contact resistance constitutes a non-negligible proportion of the whole resistance of connector. According to our measurement result, the measured total resistance in G2, as shown in Figure 20 , is about 7.5 μΩ. In the contrast, the resistance ignoring contact effect R' = ρ × l2/(π(r1 + r) 2 ). Since ρ = 1.75 × 10 −8 Ω·m, l2 = 0.12 m, r = 10.25 mm, r1 = 6.1 mm, R' can be calculated to be 2.5 μΩ, which is only one-third of the measured value. What's more, the experimental results recorded in [2, 3] also demonstrated that the joint is indeed the hot spot in a three-core cable. Therefore, it is necessary to pay close attention to the contact resistance, of which the varying range is a key parameter. Since the inputs of the model are cable surface temperatures only, there is no way to distinguish the temperatures in different phase conductors. Therefore, the model output represents the mean temperature of the three-core cable joint, and if the temperature differences between different conductors are small, this assumption is reasonable. The measured temperatures inside three-phase cable joints and the estimated results are depicted in Figure 19 . From the Figure 19a , the estimated temperature based on SVR changes between the maximum and minimum temperatures of the three-core conductor nearly all the time. According to the Figure 19b , the maximum temperature errors of A-phase, B-phase, and C-phase are 6.00 • C, 5.03 • C, and 4.44 • C, respectively, which meets the requirement of engineering application. This results demonstrate that our proposed model still has a high precision even under very unbalanced three-phase currents.
As mentioned in the part of Introduction, it was believed in the past that cable joint was not the hot spot in cable system. As seen in the literatures [16, 17] , the temperature inside joints was calculated cooler than that of cable. The reason given by those papers was that the ferrule diameter was considerably larger than that of the conductor (27.2 mm compared with 19.1 mm) without consideration of contact resistance. But in fact, the contact resistance constitutes a non-negligible proportion of the whole resistance of connector. According to our measurement result, the measured total resistance in G 2, as shown in Figure 20 , is about 7.5 µΩ. In the contrast, the resistance ignoring contact effect R' = ρ × l 2 /(π(r 1 + r) 2 ). Since ρ = 1.75 × 10 −8 Ω·m, l 2 = 0.12 m, r = 10.25 mm, r 1 = 6.1 mm, R' can be calculated to be 2.5 µΩ, which is only one-third of the measured value. What's more, the experimental results recorded in [2, 3] also demonstrated that the joint is indeed the hot spot in a three-core cable. Therefore, it is necessary to pay close attention to the contact resistance, of which the varying range is a key parameter.
As for the range of equivalent resistance under incorrect contacting conditions, there are two different situations in our opinions.
The first case is lack of pressure. As is widely known, the equivalent resistance of the connector depends upon contact surface and pressure. If the pressure is not enough, the contact resistance will be larger. But it is really difficult to quantify the range of contact resistance because the minimum pressure is hard to determine. In the most extreme case, the connector just contacts with the conductor and there is no external pressure applied to the interface, the equivalent resistance might be over several Ohms.
total resistance in G2, as shown in Figure 20 , is about 7.5 μΩ. In the contrast, the resistance ignoring contact effect R' = ρ × l2/(π(r1 + r) 2 ). Since ρ = 1.75 × 10 −8 Ω·m, l2 = 0.12 m, r = 10.25 mm, r1 = 6.1 mm, R' can be calculated to be 2.5 μΩ, which is only one-third of the measured value. What's more, the experimental results recorded in [2, 3] also demonstrated that the joint is indeed the hot spot in a three-core cable. Therefore, it is necessary to pay close attention to the contact resistance, of which the varying range is a key parameter. As for the range of equivalent resistance under incorrect contacting conditions, there are two different situations in our opinions.
Another incorrect contacting condition is not enough indentations. As shown in Figure 20 , there are four indentations in one connector according to the rule of manufacturer and each indentation corresponds to a local contact resistance. In the above experiment, four local contact resistances with parallel connection are nearly 7.5 μΩ so that one local contact resistance is about 30 μΩ. If a worker presses the connector with only one indentations (it is generally impossible), the total equivalent resistance will be 30 μΩ, which is the possible maximum contact resistance due to insufficient indentations.
Based on our aforementioned analysis, there is no typical range of equivalent resistance under incorrect contacting conditions, mainly because of too large range of pressure. Under normal As for the range of equivalent resistance under incorrect contacting conditions, there are two different situations in our opinions.
Another incorrect contacting condition is not enough indentations. As shown in Figure 20 , there are four indentations in one connector according to the rule of manufacturer and each indentation corresponds to a local contact resistance. In the above experiment, four local contact resistances with parallel connection are nearly 7.5 μΩ so that one local contact resistance is about 30 μΩ. If a worker presses the connector with only one indentations (it is generally impossible), the total equivalent resistance will be 30 μΩ, which is the possible maximum contact resistance due to insufficient indentations. Another incorrect contacting condition is not enough indentations. As shown in Figure 20 , there are four indentations in one connector according to the rule of manufacturer and each indentation corresponds to a local contact resistance. In the above experiment, four local contact resistances with parallel connection are nearly 7.5 µΩ so that one local contact resistance is about 30 µΩ. If a worker presses the connector with only one indentations (it is generally impossible), the total equivalent resistance will be 30 µΩ, which is the possible maximum contact resistance due to insufficient indentations.
Based on our aforementioned analysis, there is no typical range of equivalent resistance under incorrect contacting conditions, mainly because of too large range of pressure. Under normal condition, however, we suppose that there is a typical range of resistance related to the application. Normal condition means that both the pressure and the number of indentations are in accordance with the rule of manufacture under the assumption that there is little difference between various manufacturers. The number of indentations are usually constant but the pressure changes over the range of 40-60 MPa according to the experience of the worker who installed the test joint. Assuming that the equivalent resistance is nearly linear with the pressure, the equivalent resistance can vary about 50%. For more accurate analysis, it requires further research and we will measure the equivalent resistance with different pressures and conductor cross-sections in our next study.
Conclusions
The paper put forward an approach to estimate the temperature inside the three-core cable joint. The model was established by SVR with two fixed cable surface temperatures as inputs, and the effectiveness of this algorithm was validated by the temperature-rise test. The results are summarized as follows.
(1) Through parameter optimization, it is recommended that model needs two measuring spots in the cable, with one spot adjacent to the joint and the other one remote enough from the joint for axial heat flux to be zero. Compared with the measured results, the maximum estimated error based on our model is no more than 6 • C. The results indicate that this model can accurately obtain the real-time temperature of three-cable joint no matter how the currents change.
